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ABSTRACT 
 
Peatlands represent 3% of the earth’s surface but have been estimated to contain up to 
30% of all terrestrial soil organic carbon and release an estimated 40% of global atmospheric CH4 
emissions. Contributors to the production of CH4 are methanogenic Archaea through a coupled 
metabolic dependency of end products released by heterotrophic bacteria within the soil in the 
absence of O2. To better understand how neighboring bacterial communities can influence 
methanogenesis, the isolation and physiological characterization of two novel isolates, one 
Methanoarchaeal isolate and one Acidobacterium isolate identified as QU12MR and R28S, 
respectively, were targeted in this present study. Co-culture growth in varying temperatures of the 
QU12MR isolate paired with an isolated Clostridium species labeled R32Q and the R28S isolate 
were also investigated for possible influences in CH4 production. Phylogenetic analysis of strain 
QU12MR was observed as a member of genus Methanobacterium sharing 98% identity similar to 
M. arcticum strain M2 and 99% identity similar to M. uliginosum strain P2St. Phylogenetic 
analysis of strain R28S was associated with genus Acidicapsa from the phylum Acidobacteria, 
sharing 97% identity to A. acidisoli strain SK-11 and 96% identity similarity to Occallatibacter 
savannae strain A2-1c. Bacterial co-culture growth and archaeal CH4 production was present in 
the five temperature ranges tested. However, bacterial growth and archaeal CH4 production was 
less than what was observed in pure culture analysis after 21 days of incubation.   
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Peatlands and Global Warming  
 
Global carbon dioxide (CO2) emissions account for approximately 82% of greenhouse gas 
emissions while methane (CH4) accounts for about 9% of total greenhouse gas emissions. The 
effect of CH4 to global warming however is substantial as it is 25 times greater at energy 
absorption than CO2 (Roulet et al., 2000). The production of atmospheric CH4 released from 
peatlands remains a fundamental topic of interest within this project. 
Peatlands represent 3% of the earth’s surface but have been estimated to contain up to 30% 
of all terrestrial soil organic carbon (SOC) and release an estimated 40% of global atmospheric 
CH4 emissions. Amazon peatlands to be more specific, account for approximately 7% of global 
atmospheric CH4 emissions (Wilson et al., 2016). Peatlands are a type of wetland that are 
ecologically and economically important due to their high productivity, nutrient recycling 
properties, and contribution to global greenhouse gas emissions. Peatlands represent globally 
significant stores of soil carbon accumulating in the form of peat and act as a source of 
atmospheric CH4 (IPS 2017). Constituents of peat include a heterogeneous mixture of partially 
decomposed plant material able to accumulate in the absence of oxygen in water saturated 
environments. Peatland development begins with mineral rich soil accumulating bellow the water 
table, otherwise characterized as a fen. In time, the fens develop into bogs characterized as 
acidic wetlands with the accumulation of peat and lower levels of water saturation. As the 
peatland develops the water table once again increases, establishing a new set of substrate 
conditions for bacterial and archaeal consumption. Hydrogen (H2) and CO2 dependent 
methanogenesis is considered the main pathway for CH4 production but in some mineratrophic 
peatlands (fens), acetoclastic methanogenesis is often predominant in upper peat layers (Galand 
et al., 2005). The accumulation of peat causes increasingly acidic and nutrient poor conditions, as 
the influence of the cations derived from mineral soil decreases with time supporting the degree 
of microbial composition change as the soil changes (Rydin et al., 2006).   
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The production of CH4 from wetlands is dependent upon syntrophic interactions between 
fermentative bacteria and CH4 producing archaea through a coupled metabolic dependency of 
end products released by heterotrophic bacteria within the soil in the absence of oxygen (O2). 
Community composition within wetlands includes Proteobacteria, Chloroflexi, Bacteroidetes, 
and Euryarchaeota, particularly Methanomicrobia as anoxic conditions enrich for facultative or 
obligate anaerobic growth (Shaomei et al., 2015) Figure 1.1-1 gives a brief explanation of 
bacterial and archaeal interactions resulting in the decomposition of organic matter, production of 
CH4, and its oxidation.  
 
 
Figure 1.1-1: Global methane cycle (Nazaries et al., 2013). Of specific interest for this thesis are 
the compartments labeled as hydrolysis, syntrophy, fermentation, acetogenesis, and 
methanogenesis. Arrows indicate substrate production feeding into secondary processes.  
 
1.2 Methanogenesis  
Methanogens belong to the phylum Euryarchaeota within the domain Archaea. All 
methanogens are lithotrophs capable of making their own energy by methanogenesis. They are 
found in anaerobic environments, such as lake sediments, digestive tracts of animals, anaerobic 
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digesters, soil, volcanic environments, and coal and oil deposits (Sławomir et al., 2015). 
Methanogenesis begins by the hydrolysis of complex organic matter into acid and neutral end 
products such as amino acids by hydrolytic bacteria. The acids and neutral products are further 
degraded into acetate and H2 by H2 producing acetogenic bacteria. Methanogenic archaea then 
utilize acetate, H2-CO2, methanol, and methylamines as substrates for CH4 production. (Chartrain 
et al., 1986) Figure 1.1-2 offers a clear description of which taxa fall into the category of 
acetogenic, primary and secondary fermentative bacteria. The two substrates that are the most 
commonly used are H2/CO2 through hydrogenotrophic methanogenesis and acetate using 
acetoclastic methanogenesis. A third, less common methylotrophic pathway requires the use 
of a methyl group as a substrate (Crevecoeur et al., 2016). Although the intermediates and 
enzymatic reactions of the three pathways are different, they share common features in the final 
steps of CH4 production. The hydrogenotrophic and acetoclastic pathways both result in the 
production of a carrier-bound methyl intermediate, tetrahydromethanoptherin (H4MPT) in the 
hydrogenotrophic pathway and tetrahydrosarcinapterin (H4SPT), a derivative of H4MPT, in the 
acetoclastic pathway and the transfer of the methyl group to CoM by a specific, membrane-bound 
methyltransferase (MTR), and the subsequent reduction of methyl-CoM to CH4 by the key 
enzyme methylcoenzyme M reductase (MCR) is common in all three pathways (Thauer et al., 
1998) Methanogens perform their catabolic function with a high affinity but can only use a small 
number of simple compounds mentioned above. It is not clear why methanogens cannot degrade 
more complex molecules, such as glucose, to CH4 and CO2. One view is that methanogenesis 
requires such complex and specialized metabolic machinery that methanogens are unable to 
compete with fermentative organisms more specialized for using complex substrates (Zinder et 
al.,1984).  
 
1.3 Syntrophic Interactions 
CH4 production in Amazon wetlands is achieved by interactions maintained under 
anaerobic conditions of metabolically coupled, trophically different phyla of microorganisms. 
Syntrophy is an essential intermediary step in the anaerobic conversion of organic matter to 
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methane where metabolically distinct microorganisms are tightly linked by the need to maintain 
the exchanged metabolites at very low concentrations. (Mclnerney et al., 2009) Microbes are 
ubiquitous and inevitably live in communities, excreting a variety of metabolites that can support 
or inhibit the growth of other microbes in the environment. According to the law of chemical 
equilibrium, the consumption of excreted metabolites by recipient microbes can accelerate the 
metabolism of donor microbes. Such interactions characterize syntrophic relationships in which 
mutual metabolic relationships are shared between two species (Kozuma et al., 2015). The 
syntrophic interactions between methanogens and heterotrophic bacteria are necessary to 
reduce the partial pressure of H2 and allow ATP production to remain thermodynamically 
favorable. For example, propionate-oxidizing bacteria acquire energy through the oxidation of 
propionate into acetate. The reducing equivalents generated are used for the reduction of protons 
to produce H2. However, the Gibbs free energy change of this reaction is unfavorable and can 
only proceed when the concentrations of end products are low level (Mclnerney et al., 2008). 
Hydrogenotrophic methanogens efficiently scavenge the available hydrogen to produce CH4 and 
in turn allow the reaction to be favorable. Although syntrophic interactions are favorable, Gibbs 
free energy change of the overall reaction is less than the energy required for the synthesis of 
ATP from ADP, operating at the limits of thermodynamically favorable metabolic processes 
(Jackson et al., 2002). Because these syntrophic interactions are thermodynamically constrained, 
it is difficult to culture microbes as these approaches disrupt consortia (Mclnerney et al., 2009).  
To establish syntrophic interactions, the fermentative bacterial group is the first to act by 
obtaining energy for growth by metabolizing the complex organic matter primarily to butyrate, 
propionate, acetate, formate and H2 plus CO2. The obligate proton-reducing acetogenic group 
obtains energy for growth by converting the butyrate and propionate to formate, acetate, CO2 and 
H2. Based upon the methanogens metabolic capacity it will then produce CH4  based on one of 
three pathways by either oxidizing formate or H2 with CO2 reduced to CH4, converting the methyl 
group of acetate to CH4 and the carboxyl group to CO2 in the aceticlastic pathway or the 
consumption of methanol and methylamines for the production of CH4 (Ferry et al., 2010). 
Cascade breakdown of each of these pathway types are also shown in figure 1.2-1.  
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Syntrophic interactions also occur in sulfate-reducing environments as evidenced by 
sulfate-reducing consortia involved in anaerobic methane oxidation. The microbially mediated 
anaerobic oxidation of methane (AOM) with sulfate according to CH4+SO42–→ HCO3–+HS–+H2O 
is the major sink of methane in the ocean floor and hence a significant process in the global 
carbon cycle and methane budget (Nauhaus et al., 2007). 
Syntrophic interactions that were of specific interest for this thesis were ones shared 
between methanogens and Acidobacteria and Clostridium based on data shared in figure 1.2-2. 
In the co-culture growth of Clostridium cellobioparum with M. Smithii bacterial growth was 
dependent upon glucose availability allowing for the accumulation of acetate, formate, ethanol, 
and H2. At the conclusion of methanogenesis, the decrease of formate and ethanol concentrations 
paired with the production of CH4  offers a successful description of co-culture growth providing an 
in situ example of potential syntrophic interactions occurring in nature. These examples were 
used as an important point of reference for the experimental design.  
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Figure 1.2-1: Hypothetical model mapping the multiple ways bacteria aid in feeding 
methanoarcheal species (Harold L. Drake 2009).   
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Figure 1.2-2: Table depicting known syntrophic interactions between bacteria and methanogens 
in addition to specific substrate consumption and production identification at the end of 
methanogenesis (Mah, R. A., et al 1982). Data on syntrophic interactions between Archaea and 
phyla Acidobacteria and Clostridium were used for co-culture setup experimentation.  
 
1.4 Environmental factors that affect CH4 emissions   
There are multiple environmental factors which can influence CH4 output from peatlands. 
Water level, vegetation type, temperature, and pH are factors that affect CH4 production and 
consumption. For example, low water levels result in decreased CH4 emissions as the soil 
becomes more oxic, allowing the growth of methanotrophic bacteria, which oxidize CH4 into CO2. 
In contrast, higher water tables select for methanogenic growth as conditions decrease O2 
availability in the soil.  
Temperature and plant vegetation play a role in nutrient availability. Many studies show 
increased temperature resulting in higher rates of respiration and methanogenesis under both 
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aerobic and anaerobic conditions (Inglett et al., 2011). At elevated temperatures, microbial activity 
can consume plant material at a faster rate increasing available carbon sources for metabolic 
consumption. In addition to providing nutrients, vascular plants can aid in CH4 release into the 
atmosphere or CH4 oxidation. Plant mediated transport can enhance CH4 emission through 
bypassing the oxic top soil layer and avoiding CH4 oxidation (Bartlett et al., 1992). However, 
atmospheric O2 can be conducted by vascular plants near the rooting zone establishing favorable 
conditions for methanotrophic consumption of CH4 (Gerard et al., 1993).  
In addition to environmental factors, community composition can modify the niche of 
methanogenic interactions. Organisms, by their very existence, change the environments around 
them and these changes will differ depending on whether or not the overall metabolic process is 
performed individually or syntrophically. For example, acid fermentation may alter the pH of a 
system while CH4 emission has consequences for the atmospheric warming potential (Morris et 
al., 2013) Analyses of niches are essential to understanding controls on species' geographical 
range limits and how these limits might shift. The oxidation of acetate to H2, and the conversion of 
H2 to CH4 is an example of niche interactions occurring under inhibitory conditions. The 
methanogens response in maintaining H2 concentrations low to for the favorable reaction of 
carbon breakdown identifies a terminal niche in the transfer of electrons generated by the 
degradation of organic compounds.   
 
1.5 Biological controls on methanogens and known interactions with bacteria 
Multiple studies have revealed that methanoarchaea provide an essential metabolic link 
between aerobic and anaerobic environments in the global carbon cycle as part of microbial 
consortia that recycle biomass. Community level interactions of interest include syntrophic 
interactions such as interspecies competition/cooperation, which can influence the overall 
efficiency of methanogenesis. Syntrophic interactions such as interspecies electron transfer using 
either carriers (e.g. H2 and formate) or direct electron transfer (e.g. pili and abiotic conductive 
material) are examples of biological controls on methanogenic activity (Barber et al., 2001). Direct 
interspecies electron transfer (DIET) acts as a syntrophic metabolism where electrons flow 
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between cells without being shuttled via reduced compounds such as H2 or formate (Sieber et al., 
2012) Interspecies electron transfer is affected by intermediate metabolites formed during the 
syntrophic metabolism of different organic carbon sources. Additionally, transfer of substrates can 
be achieved by flagellum-mediated communication (Kouzuma et al.,2015).  Although it is 
assumed that the overwhelming majority of Bacteria and Archaea interact on a metabolic basis, 
our understanding of these interactions is restricted due to a limited number of syntrophic 
microorganisms available in pure culture (Orphan et al., 2009) Nevertheless, bacteria involved in 
syntrophy often seem to be highly adapted to a cooperative lifestyle, containing reduced genomic 
inventories and unique multiple membrane complexes (McInerney et al., 2007). For example, 
syntrophic microorganisms can contain multiple copies of specific reductases, acyl-CoA 
synthases, and H2 or formate-evolving/producing dehydrogenases (McInerney et al., 2008).   
In addition to metabolic interactions between archaea and primary and secondary 
fermenters, known bacterial interactions are present between sulfate reducing bacteria and 
potentially methanotrophic bacteria. Sulfate-reducing bacteria and methanogenic archaea are 
important terminal oxidizers in the anaerobic mineralizing organic matter to CO2 or to CO2 and 
CH4 in, respectively, high-sulfate and low-sulfate environments (Purdy et al., 2003). 
Methanogenic archaea and methanotrophic bacteria are thought to inhabit the interfaces between 
anaerobic and aerobic environments, where methanogens produce methane and provide it to the 
methanotrophs which utilize it for energy however these potential Interactions are difficult to 
elucidate because both require different metabolic conditions where methanogen is an obligate 
anaerobe, methanotrophs are strict aerobes (Kaku et al., 2000).   
Bacterial communities in wetlands play a critical role in regulating the cycling, retention, 
and release of major nutrients and soil carbon (Hartman et al., 2008 ). To improve the 
understanding of ecological processes behind anaerobic degradation of organic material and 
production of biogas, consideration of uncultured bacteria and Archaea isolates were 
implemented to complement existing knowledge that controls these biogeochemical processes. 
16S rRNA gene-based approaches as well as environmental shotgun metagenomic analyses 
have revealed that Acidobacteria represent a diverse a highly abundant phylum within multiple 
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environments (Chow et al., 2002). However, present shortcomings in cultivation techniques have 
limited the capacity to study isolated members and expand upon the ecological roles of this phyla. 
Analysis of Acidobacteria subgroups within the Amazon forests revealed that 20% of the total 
bacterial community in forest soils were represented by Acidobacteria (Navarrete et al., 2015). 
Clostridium is a genus of the phyla Firmicutes. They are obligate anaerobes capable of producing 
endospores.  
Methanogenesis of glucose by a defined thermophilic co-culture of Clostridium 
thermoaceticum and Methanosarcina resulted in glucose converted to acetate by C. 
thermoaceticum and the acetate reduced to CH4 and CO2 suggesting that acetoclastic 
methanogenesis was the rate limiting step of the system. (Koesnandar et al., 1990) In a separate 
experiment, chemoheterotrophic H2 producers Clostridium cellobioparum and Acetobacterium 
woodii were grown in co-culture with different methanogenic partners to determine the 
degradation of free sugars. For the Clostridium cellobioparum isolate, glucose was fermented to 
ethanol, formate, acetate and H2 but in the presence of M. ruminantium, these products shifted to 
generate more acetate and less ethanol and formate. (Chung et al., 1976) In the culture analysis 
of Acetobacterium woodii coupled with four additional methanogenic culture types, fermentation 
of glucose only produced acetate. When coupled to a strain of M. barkeri, fructose or glucose was 
completely converted to CH4 and CO2 (Winter et al., I979). For both co-cultures of C. 
cellobioparum and A. woodii, the carbohydrates are converted to a more oxidized state (more 
acetate) in the presence of the methanogenic partner. It wasn’t until M. barkeri was added that 
degradation of the starting free sugar was oxidized completely to CH4 and CO2 because of the 
acetoclastic metabolism mediated by the methanogen.  
Temperature can freely influence the microbial cell interior and is not regulated by the 
neighboring community. This Implies that difference in temperature adaptation of each microbe 
has the potential to rearrange trophic interactions manipulating the niche of CH4 production in the 
community. (Kotsyurbenko et al., 2005). Temperature is one of the most important factors 
influencing microbial activity in the environment. In paddy fields and wetlands, it has been well 
demonstrated that the increase of temperature in summer substantially increased CH4 production 
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and emission. Culture-independent investigations reveal that not only the methanogenic activity 
but also the composition of methanogen community shifts when temperature changes. 
Bacteroidetes and Chlorobi were found to be abundant during the decomposition of plant 
residues at 15°C and 30°C, whereas Acidobacteria dominated at 45°C. Among the archaeal 
populations, Methanosarcinaceae and Methanosaetaceae were favored at 15°C and 30°C 
respectively, whereas hydrogenotrophic Methanocellales and Methanobacteriales were selected 
at 45°C. This temperature-dependent differentiation of bacteria and archaea communities may 
even result in a change of methanogenic pathway, from the prevalence of acetoclastic 
methanogenesis to hydrogenotrophic methanogenesis with the increase of temperature.  
 
1.6 Rationale 
 As described previously, methanogenesis in Amazon peatlands contributes substantially 
to global CH4 production. Seasonal temperature, water table, and carbon content affect 
methanogenesis and syntrophic interactions. Targeting temperature effect on syntrophic cultures 
can provide insight as to how syntrophic partnerships maintain CH4 production in favorable and 
not favorable conditions.  
Archaeal production of methane is dependent upon the availability of reduced carbon compounds 
and is limited to H2+CO2, formate, methanol, acetate, and or methylamine sources as described 
above.  
Temperature can affect the rate at which carbon sources are broken down by fermentive 
bacteria and in turn change the rate at which substrates are released for methanogenesis. Co-
cultures were tested in a range of temperatures to determine if an increase in CH4 production was 
achieved compared to monoculture growth. Increase in CH4 production at the temperature 
optimal for bacterial growth could suggest a successful syntrophic partnership.  
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CHAPTER 2: OBJECTIVE AND HYPOTHESIS 
2.1 Objectives  
The primary objective of this study was to characterize the methanogenl isolate and 
Acidobacterium. We were also aiming to analyze if metabolic co-operation could be achieved by 
the combination of QU12MR to R28S and R32Q respectively. Finally, we were interested in 
testing if the co-culture combinations were capable of growth past their monoculture temperature 
range.  
 
Specific objectives and research milestones include- 
Objective 1:  
• Purify and characterize a hydrogenotrophic methanogen. 
• Isolate and purify a group of diverse anaerobic heterotrophs.  
Objective 2:  
• Complete physiological testing for novel Methanobacterium and Acidobacterium isolates. 
Objective 3:  
• Combine a set of co-cultures analyzing CH4 production under varying temperatures. 
(Acidobacterium and Clostridium)  
  
 
 
 
2.2 Hypothesis  
The work hypothesize: 
• Acidobacterium and Clostridium culture will reflect a syntrophic interaction with 
Methanobacterium culture. (Co-cultures will reflect increased CH4 and bacterial growth) 
• Anaerobic metabolic co-operation will be optimized in increased temperatures. 
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CHAPTER 3: METHODS AND MATERIALS  
3.1 Field Site  
 The field site of interest is located within the Pastaza–Marañón foreland basin (PMFB) in 
Peru. Samples from Buena Vista (4◦14045.6000 S 73◦1200.2000 W) and San Jorge 
(4◦03035.9500 S 73◦12001.1300 W) were chosen to target the isolation of obligate and facultative 
anaerobic bacterial heterotrophs. Buena Vista maintains a nutrient rich composition with a 
forested vegetation site. San Jorge maintains nutrient poor soil condition with short pole forested 
vegetation. The mean annual temperature is 26°C, relative humidity ranges from 80 to 90%, and 
altitude ranges from ca. 90 to 130 meters above sea level (Marengo et al 1998).  
 Multiple soil samples were collected within Buena Vista and San Jorge at 0-15 cm and 
15-30 cm depth layers in the summer of 2015. Soil samples were collected within glass mason 
jars and were kept anaerobic by sampling bellow the water table and stored in 4°C once received 
by the lab.  
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Figure 3.1-1: Geographical location of San Jorge and Quistococha study sites from the Amazon 
basin. The map is a mosaic of histogram equalized LandsarTM satellite images, 
www,glcf.umiacs.umd.edu/ (Lähteenoja et al, 2010). 
 
 
 
3.2 Anaerobic Heterotroph Isolation Techniques  
 1g of stored anoxic peatland soil collected at a depth of 15-30 cm below the water 
column was added to 100 ml sterile anaerobic water and homogenized for 60 seconds inside a 
glovebox. This step in reactivating the soil was achieved twice, once for each site of interest.  
Each soil aliquot was allowed to incubate for 72 hours at 37°C in sterile crimped serum bottles. 8 
plates each of R2A, SEA, MPM2, and DNB anaerobic solid media were made to perform a -3, -4, 
-5, -6 dilution series in duplicates using the pre-incubated soil solution and sterile anaerobic PBS 
as the diluent. 100 µl were inoculated into respective plates and spread using sterile glass beads. 
Plates were sealed with parafilm and stored in a modified anaerobic chamber to incubate for 
three to seven weeks.   
 
Heterotroph Liquid and Solid Anaerobic Media  
Anaerobic SEA, R2A, DNB, and a modified version of PM2 (MPM2) media were used to 
select for the growth of obligate and facultative anaerobic heterotrophs capable of growth in 
nutrient rich and nutrient poor conditions to help increase the range of isolates captured for 
isolation ref. General steps of media making for each media type included adding the 
components in a serum bottle, sparging with N2 gas to help displace oxygen present in the liquid, 
dispensing into 17 ml sterile Hungate tubes for liquid media or autoclaving the mix for solid 
media, individually flushing each tube with N2/CO2 mix before autoclaving, and adding TINTA and 
buffer to solid media mix before pouring plates in the glovebox.  
Dilute Nutrient broth was achieved by adding .05 g per liter of nutrient broth mix, 1 ml 
resazurin, and 4.28 ml 1M liquid stock MgCl2 and 12g of gelrite for solid media preparation. Soil 
extract agar was made by taking 8g of peatland soil and resuspending in 20 ml Mili-Q followed by 
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autoclave sterilization to generate a soil extract stock. 17.750 ml per liter of soil extract, 1g 
glucose, 1 ml resazurin followed by the addition of 4.28 ml 1M liquid stock MgCl2 and 12g of 
gelrite for solid media preparation. For R2A media the following were added in g/L, .5g yeast 
extract, .5g proteose peptone, .5g casamino acids, .5g dextrose, .5g soluble starch, 1ml 
resazurin, .3g sodium pyruvate, .05g magnesium sulfate, and 4.28 ml 1M liquid stock MgCl2 and 
12g of gelrite for solid media. MPM2 was developed preparing PM2 media with trace metal, major 
metal, and resazurin stock as explained above followed by the addition of 1g casein, 1g glucose, 
and 1g xylan per liter and 4.28 ml 1M liquid stock MgCl2 and 12g of gelrite for solid media. 
 
Incubation Technique 
Because of the large volume of solid anaerobic media required for the bacterial isolation 
efforts, an incubation chamber was developed to allow for long term storage, maintain a level of 
sterility, and add a second level of anaerobic conditions. A five-gallon industrial paint tank was 
modified to prevent the diffusion of gases. Once the open valves on the tank lid were sealed it 
was placed in the anaerobic glovebox. Two HPLC tubes filled with cotton and 1ml of TINTA were 
taped into the inside edges of the tank as an additional step to maintain strict anoxic conditions. 
Solid media plates were added and the tank was sealed allowing the plates to incubate. 
 
Purification  
 Anoxic liquid media of the four media types were made in 25 ml serum bottles and used 
for the purification of harvested colonies. After three weeks of incubation, bacterial colonies were 
harvested. In this process, a needle and syringe were used to extract 10 µl of respective liquid 
media type and placed on top of targeted colony and sucked back into the syringe. The colony 
was then added back into its 5 ml of liquid media and allowed to grow for one to two weeks at 
37°C. This process was repeated as more growth occurred throughout the duration of the five-
week incubation time. After the one to two-week incubation, period 10 µl of the sample was 
extracted and restreaked onto a small plate containing the respective solid media type. The 
plates were then incubated for an additional two - three weeks within the modified anaerobic 
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chamber within the glove box. The morphology of growth on the secondary small plates were 
compared to the isolates initial growth on the large source plates prior to harvest. If the colonies 
deemed isolated with the same morphology, a colony was extracted once more and placed into 
two new 25 ml serum bottles with 5 ml of respective liquid media type. One serum bottle was 
allowed to incubate for five days to reach enough biomass for DNA extraction while the second 
was stored in the fridge as a temporary storage culture.  
 
DNA Extraction and PCR Amplification  
`DNA extraction was performed on all bacterial samples that were believed to be isolated 
and showed growth after the final five-day incubation period using a modified chloroform/iso-amyl 
alcohol extraction of Archaeal genomic DNA protocol with the DNA quantified using Qubit and 
Nano drop techniques. Samples were preserved in a -20°C freezer before running a PCR using 
SYBR Green Taq master mix and 27F and 1492R Universal 16S rRNA gene primers. For the 
DNA, 20 µl reactions were performed containing 0.6 µl of primers, 10 µl of master mix, and 4.8 µl 
of sterile water. Samples were run on a 16S bacterial hs thermocycler with 32 amplification cycles 
and were run on gel electrophoresis for 20 mins in a 1% agarose gel running at 120 V for 20 
minutes in TBE buffer. If strong bands were observed, then the PCR reaction was considered 
successful and sent for Sanger sequencing and evaluated on Basic Local Alignment Search Tool 
(NCBI) under the nucleotide collection and 16S ribosomal RNA sequences database to 
understand the identity of each isolate and its relatives. Sequences were cleaned prior to analysis 
on BLAST using snap gene viewer program to verify each base was assigned a nucleotide and 
trim the edges of the sequences. Phylogenetic analyses of the sequences were performed using 
reference sequences from NCBI database, MEGA software for tree construction, and Figtree to 
develop an aesthetic figure.  
 
Growth testing of two isolates  
 Two bacterial isolates were chosen for further testing. An Acidobacterium isolate and a 
Clostridium, labeled R28S and R35Q respectively, were tested for their potential in establishing a 
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syntrophic relationship with a methanogen. Growth rate in liquid anaerobic R2A was tested with 
R28S reaching exponential phase at 163 hours of incubation and R35Q reaching exponential 
phase after 111 hours of incubation. Isolates were also tested for optimal growth in varying 
temperatures at 4, 10, 14, 27, 30, 37, 40, 45, and 50 degree Celsius.  Growth of bacterial isolates 
was measured using an OD600 reader for estimating the concentration of cells in liquid medium.  
 
 
 
Figure 3.2-1: Summary diagram depicting the isolation of anaerobic bacteria. Soil from the two 
study sites were individually homogenized with water and allowed to incubate to reactive 
microbial activity. A series of dilutions were performed followed by the harvest of bacterial growth 
and purification. Molecular analysis was conducted thereafter followed by sequence analysis and 
the determination if isolate was of great importance to begin phylogenetic assays.  
 
3.3 Archaeal Isolation Techniques 
 Eight methanogenic cultures from previous lab experiments were inherited for the 
purpose of these experiments. The cultures were grow in 5 ml of anaerobic liquid media in sterile 
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17 ml Hungate tubes. Purification of these cultures was achieved by multiple dilution series during 
a span of six months. PM1 and PM2 liquid media was used for the selection of methanogens 
varying in final pH value and trace metal solution composition (Brauer et al., 2006). Major metals 
solution composition for both PM protocols include the following in g/L, 0.15g KCL, 1.36g 
KH2PO4, 2.68g NH4Cl. Trace metal solution for PM1 includes the following in g/L. 0.0024 
CoCl2*6H2O, 0.0075 ZnCl2, 0.0019 H3BO4, 0.0024 NiCl2*6H2O, 0.0024 Na2MoO4*2H2O, 
0.1344 FeCl2*4H2O, 0.0026 MnSO4*4H2O, 0.16 MgSO4*7H2O, 0.24 CaCl2*2H2O, 0.0009 
CuSO4*5H2O, 0.35 AlK(SO4)2*12H2O. Trace metal solution for PM2 media maintains similar 
media composition but requires 0.0024 g/L Cobalt(II) chloride pentahydrate instead of Cobalt(II) 
Chloride Hexahydrate. Trace metals and major metals solution were made in a 100x 
concentration. To achieve 1 L of media mix, 10 ml Major Metals were added to 1 ml Trace Metal 
solution with MilliQ water used to achieve a final volume of 1 liter. 1 ml of Rezasurin is also added 
as a redox indicator. For PM1 media the final pH is adjusted to 5. Make fresh media, bubble with 
N2 for 20 minutes. 5 ml of media was dispensed into 17 ml Balch tubes anaerobically in the glove 
box with the use of thick blue stoppers, and crimp. Media was removed from glove box and 
flushed with N2/CO2 for 1-2 minutes then autoclaved and stored in a drawer. 24 hours prior to 
inoculating the media specific amendments are added anaeronically and aseptically to condition 
the media. For PM1 media 83 mM TiNTA is added to achieve a final concentration of 1 Mm, 0.5 
M Homopipes 5 Mm, Vitamin Solution 0.01 mg/L, 2% YE 0.2 mg/L, 50 mM CoM 0.5 Mm, and 20 
mM Acetate 0.2 Mm.  For PM2 media 83 mM TiNTA was added to achieve a final concentration 
of 1Mm, 1M MES buffer at a pH of 6.5 or 7.5 for a final concentration of 10 mM vitamin solution to 
0.01mg/L, 1% yeast extract to 0.002%, 50 mM CoM to 0.5 mM 0.5 M Acetate to 5 mM, and 4 mM 
Na2S.9H2O to achieve a final concentration of 40 μM. After adding the specific adittions, tubes sat 
for 7 hours to equilibrate. 0.2-0.25 ml of growing culture  could then be added using sterile 
needles and syringes was added.  After inoculation, 7-10 psi overpressure of sterile H2/CO2  
would be added to each tubes followed by incubation.  
 
Purification 
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Methanogenic cultures were purified by completing a series of dilutions. 500 µl of culture 
was transferred to fresh media with an additional 500 µl of that media transferred to a second 
tube with fresh media. This process was completed for a total of four dilutions and allowed to 
grow for two to three weeks. After incubation, the tube with the greatest amount of biomass was 
transferred to complete an additional four dilutions. After four cycles of these dilution transfers, 
the cultures were tested for purity.   
Chemical analyses  
Verification of methanogenic growth was confirmed by CH4 production using gas 
chromatography with a flame ionization detector by removing 200 µl of headspace from each 
tube and injecting into the column of an FID-GC.  
 
Purity Check  
 After reaching close to 10E9-10E11 after 5 dilution cycles we assumed a pure culture. To 
test for purity the culture was examined under regular light microscopy and fluorescence with AO 
dye to verify similar cell morphology type. Second, the culture was grown in 25 ml of media and 
condensed to form a pellet to use for DNA extraction. Extraction of Archaeal genomic DNA was 
done using a modified chloroform/iso-amyl alcohol extraction protocol with the DNA quantified 
using Quibit and Nano drop techniques. Samples were preserved in a -20°C freezer before 
running a PCR using SYBER Green Taq master mix and 27F and 1492R 16S primers to check 
for potential bacterial contamination and to amplify archaeal DNA using 1AF 1100AR primers. For 
the DNA, 20 µl reactions were performed containing 0.6 µl of primers, 10 µl of master mix, and 
4.8 µl of sterile water. Samples were run on a 16S bacterial hs with 32 amplification cycles and 
were run on gel electrophoresis for 20 mins in a 1% agarose gel (volts etc.) to verify DNA 
product. Samples which showed positive results were sent for Sanger sequencing and evaluated 
with on Basic Local Alignment Search Tool (NCBI)  under the nucleotide collection and 16S 
ribosomal RNA sequences database to understand the identity of each isolate and its relatives. 
Sequences were cleaned prior to analysis on BLAST using a free snap gene viewer program. 
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Phylogenetic analyses of the sequences were performed using reference sequences from NCBI 
database, MEGA software for tree construction, and Figtree to develop an aesthetic figure. 
Finally, a physiology test was completed by inoculating fresh culture into triplicate tubes with 
standard PM additions. The first test was given five times yeast extract with no H2, the second 
test was given five times yeast extract with H2. Glucose was added to achieve a final 
concentration of 10mM with no H2, followed by glucose added to a final concentration of 10 Mm 
with H2. Glucose added to 10 Mm final concentration with no H2 and 10 ml of air to select for 
bacterial growth.  
 
 
Figure 3.3-1: Summary diagram depicting the isolation of methanogen isolates. Each 
methanogen isolate began first by completing a dilution series and allowed to grow for three 
weeks. The best growth from the dilution would be used to perform a second round of dilutions 
and allowed to growth. After three to four rounds of purification molecular analysis followed by 
sequence analysis was conducted to verify if isolate was of great importance for the completion of 
phylogenetic assays.  
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3.4 Acidobacterium biochemical tests 
Growth rate of Isolate R28S was monitored for 12 days in anaerobic liquid R2A media in 
triplicate tubes incubating at 37°C. As mentioned above, biomass was measured and quantified 
using an OD reader. The isolate was tested for growth across 9 temperatures. Gram stain, 
endospore stain, oxidase, catalase, API ZYM, and API 50 CH tests were completed in reference 
to past literature identifying novel isolates.    
 
3.5 Archaeal biochemical tests  
 Salinity inhibitory tests were performed in triplicate tubes testing for the following 
final concentrations in 5 ml of PM2 growth media and allowed to incubate at 37°C. Stock solution 
was used to test for 0%. 0.15%, 0.3%, 0.6%, 1%, and 2% salt concentrations. Growth was 
subsequently monitored through GC injections of methane headspace and by visual analysis of 
turbidity changes days 1, 4, 7, 10, 14, and 21.  
Sodium sulfide inhibitory tests were performed in triplicate tubes testing for the following 
concentrations in 5 ml PM2 growth media and allowed to incubate at 37°C. 1 mm, 4 mm, 10 mm, 
20 mm, 80 mm, and 200 mm. Growth was subsequently monitored through GC injections of 
methane headspace and by visual analysis of turbidity changes days 1, 4, 7, 10, 14, and 21.  
Substrate utilization tests were performed in triplicate tubes under both N2/CO2 and 
H2/CO2 atmospheres. Addition of only N2/CO2 was used to verify that only the carbon source 
added was consumed. The addition of only H2/CO2 was used to verify that the substrate was not 
inhibitory to the isolate. The following substrates were tested. Sodium formate at a final 
concentration of 80 mM, sodium acetate (40 mM), methanol (20 mM), ethanol (20 mM), 2-
propanol (10 mM), 1-butanol (20 mM), 2-butanol (20 mM), and trimethylamine (20 mM). Cultures 
were incubated at 37 degree Celsius for 21 days and growth was subsequently monitored 
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through GC injections of methane headspace and by visual analysis of turbidity changes days 1, 
4, 7, 10, 14, and 21.  
 The effects of temperature on the growth rate of the isolate were tested in triplicate tubes 
on 4, 10, 14, 27, 30, 37, 40, 45, 50°C. Growth was subsequently monitored through GC injections 
of methane headspace and by visual analysis of turbidity changes days 1, 4, 7, 10, 14, and 21. 
pH testing was performed in triplicate tubes with the addition of 300 µl 5.5 MES, 6.5 MES, 10% 
sodium bicarbonate, 7.7 MES, 12.6 CHES, 9.5 CHES, 4.5 MES, 250 µl 4.5 MES with the addition 
of 75 ul 0.5 M citric acid, 100 µl and 10% sodium bicarbonate in 5 ml PM2 growth media. Isolates 
were incubated at 37°C and growth was subsequently monitored through GC injections of 
methane headspace and by visual analysis of turbidity changes days 1, 4, 7, 10, 14, and 21. 
 Susceptibility to lysis was used to indicate a proteinaceous cell wall and was performed 
with a culture in mid-logarithmic growth phase, approximately 12 days of incubation to tested for 
susceptibility to lysis by detergents and by hypotonic conditions. Susceptibility to lysis by sodium 
dodecyl sulfate (SDS) was determined by adding a concentrated solution of SDS to cultures to 
give a final concentration of .1, .05, 1, and 2g of SDS per liter. 25 ml of culture was divided into 
five 15 ml centrifuge tubes and centrifuged for 13,000g for 20 minuets. The supernatants were 
decanted and the pellets were allowed to dry for 5 minuets. 5 ml solution containing the SDS 
concentration and PM2 growth media was used to resuspend the cells and allowed to react for 10 
minuets. Degree of turbidity reduction was compared against the negative control in addition to 
microscopy analysis (David R. Boone). 
3.6 Temperature Co-Culture Analysis  
 For the co-culture temperature testing experiment, PM2 growth media was modified to 
include glucose as the sole carbon source available for fermentation by each heterotroph. 
Therefore, the additions of 1% yeast extract and sodium acetate were not included before 
inoculation. The goal was to achieve an equal cell count number of bacteria to archaea per tube 
to prevent the overgrowth of one isolate over the other. To help anticipate the results of the 
experiment the following culturing methods were developed and allowed to incubate at 37°C for 
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one week. A control to verify positive heterotrophic growth included the inoculation of PM2 media 
with the addition of TINTA, MES 6.5 buffer, vitamins, 0.5 M COM, 4 mm Na2S, and glucose. A 
control for methanogenic growth included the addition of glucose, H2/CO2, TINTA, MES 6.5 
buffer, vitamins, 0.5 M COM, and 4 mm Na2S. Test one tested the growth of each bacterial 
isolate to methanogenic culture in the presence of H2/CO2. Test two tested the growth of each 
bacterial isolate to methanogenic culture in the absence of H2/CO2. Test three selected the death 
of both bacterial isolates to methanogenic culture with the absence of glucose and H2/C02. 
Growth was verified by increase of turbidity, OD results, and CH4 concentration verified by GC 
injections after day 4 and 10.  
 Final co-culture analysis was completed in triplicate tubes of PM2 media + Glucose with 
standard additions excluding yeast extract and sodium acetate, for each heterotroph pairing 
under 24, 30, 37, 40, and 45 degree Celsius. 200 µl of methanogenic culture in mid exponential 
phase was added to each tube in addition to 25 µl of heterotrophic sample also in mid 
exponential phase. Growth was verified on Days 1, 4, 7, 10, and 14 based on OD readings and 
GC results. Steady OD readings and methane production are anticipated with the cultures 
capacity of temperature growth range increased. 
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CHAPTER 4: RESULTS 
 
4.1 Bacterial Isolation 
Bacterial isolates were labeled based on preferred growth media type, (R for R2A, S for 
soil extract, M for MPM2, and D for dilute nutrient broth) the number it was harvested from initial 
dilution series, followed by the letter of soil site it was harvested from (S for San Jorge and Q for 
Quistococha). 42 bacterial isolates were successfully purified and sequenced, however many of 
the isolates were repetitions of each other. Only 12 isolates were unique and only R28S gave 
sequence results as a potentially novel species. Characterization results completed were in 
conjunction with previous identified family members with few variations in API test strip results 
based on which isolate was referenced. API ZYM and API 50CH with API 50CH B/E media were 
used to further identify enzamatic activity and carbon usage respectively. The following enzymes 
were detected after 8hrs of incubation at 37 degree Celcius. Alkaline phosphate, Esterase (C4), 
Esterase lipase (C8), Leucine arylamidase, Valine arylamidase, Acid phosphate, Naphthol-AS-BI-
phosphohydrolase, a-galactosidase, B-galactosidase, B-glucuronidase, a-glucosidase, B-
glucosidase, N-acetyl-B-glucosaminidase, a-fucosidase. Weak positive results were recorded for 
a-chymotrypsin, and a-fucosidase enzymatic activity. Negative results were recorded for Lipase 
(C14), Cystine arylamidase, and Trypsin assays. Positive carbon usage was recorded for the 
following tests. D-Glucose, D-Mannose, N-AcetylGlucosamine, Amygdalin, Arbutin, Esculin ferric 
citrate, Salicin, D-Celiobiose, D-Maltose, D-Lactose (bovine origin), D-Melibiose, D-Sucrose, D-
Trehalose, D-Raffinose, Gentiobiose, and D-Turanose. Weak positive results were recorded for 
D-Galactose, D-Melezitose, and D-Lyxose. Negative results were recorded for Glycerol, 
Erythritol, D-Arabinose, L-Arabinose, D-Ribose, D-Xylose, L-Xylose, D-Adonitol, Methyl-BD-
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Xylopyranoside, D-Fructose, L-Sorbose, L-Rhamnose, Dulcitol, Inositol, D-Mannitol, D-Sorbitol, 
Methyl-aD-Mannopyranoside, Methyl-aD-Glucopyranoside, Inulin, Amidon, Glycogen, and Xylitol. 
Few tests remain for the complete phylogenetic analysis of isolate R28S which include 
measurement of G+C content, Lipid analysis, and pH growth range.  
 
 
 
Figure 4.1-1: R28S Gram Stain. Standard light microscopy techniques were used under 100x oil 
emersion magnification to visualize cells.  
 
 
Table 4.1-2: Results from isolation efforts targeting anaerobic bacterial growth. The bellow 
isolates were pulled from a collection of 42 successfully purified and sequenced colonies. 
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Figure 4.1-3: Phylogenetic tree construction of unique Proteobacteria isolated from bacterial 
isolation efforts compared to the top hits identified on NCBI database.  
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Figure 4.1-4 Phylogenetic tree construction on unique Firmicutes isolated from bacterial isolation 
efforts compared to the top hits identified on NCBI database.  
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Figure 4.1-5: Phylogenetic tree construction of unique Acidobacteria isolated from bacterial 
isolation efforts compared to the top hits identified on NCBI database. 
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Table 4.2: Isolate R28S API ZYM results recoded after 8 hours of incubation at 37 °C. A strong 
positive result is indicated by a ++, a weak positive result is indicated by a +, and a negative 
result is indicated by a -. 
 
R28S API ZYM    
Enzyme Assayed For  Substrate  Results 
   
Negative Control   - 
Alkaline Phosphate  2-naphthyl phosphate  ++ 
Esterase (C4)  2-naphthyl butyrate  ++ 
Esterase Lipase (C8)  2-naphthyl caprylate ++ 
Lipase (C14) 2-naphthyl myristate - 
Leucine arylamidase L-leucyl-2-naphthylamide ++ 
Valine arylamidase L-valyl-2-naphthylamide ++ 
Cystine arylamidase L-cystyl-2-naphthylamide - 
Trypsin  N-benzoyl-DL-arginine-2-naphthylamide - 
a-chymotrypsin N-glutaryl-phenylalanine-2-naphthylamide + 
   
Acid phosphate  2-naphthyl phosphate ++ 
Naphthol-AS-BI-phosphohydrolase Naphthol-AS-BI-phosphate ++ 
a-galactosidase 6-Br-2-naphthyl-aD-galactopyranoside ++ 
B-galactosidase 2-naphthyl-BD-galactopyranoside ++ 
B-glucuronidase Naphthol-AS-BI-BD-glucuronide ++ 
a-glucosidase 2-naphthyl-aD-glucopyranoside ++ 
B-glucosidase 6-Br-2-naphthyl-BD-glucopyranoside ++ 
N-acetyl-B-glucosaminidase 1-naphthyl-N-acetyl-BD-glucosaminide ++ 
a-mannosidase 6-Br-2-naphthyl-aD-mannopyranoside + 
a-fucosidase 2-naphthyl-aL-fucopyranoside ++ 
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Table 4.5: Isolate R28S API 50 CH results after 72 hours of incubation at 37 °C using API 50 CH 
B/E media. A strong positive result is indicated by a ++, a weak positive result is indicated by a +, 
and a negative result is indicated by a -.  
 
    
Cupule Test Active Ingredients  Results 
    
0  Negative Control - 
1 GLY GLYCEROL - 
2 ERY ERYTHRITOL - 
3 DARA D-ARABINOSE - 
4 LARA L-ARABINOSE - 
5 RIB D-RIBOSE - 
6 DXYL D-XYLOSE - 
7 LXYL L-XYLOSE - 
8 ADO D-ADONITOL - 
9 MDX Methyl-BD-Xylopyranoside - 
10 GAL D-GALACTOSE + 
11 GLU D-GLUCOSE ++ 
12 FRU D-FRUCTOSE - 
13 MNE D-MANNOSE ++ 
14 SBE L-SORBOSE - 
15 RHA L-RHAMNOSE - 
16 DUL DULCITOL - 
17 INO INOSITOL - 
18 MAN D-MANNITOL - 
19 SOR D-SORBITOL - 
20 MDM Methyl-aD-Mannopyranoside - 
21 MDG Methyl-aD-Glucopyranoside - 
22 NAG N-AcetylGlucosamine ++ 
23 AMY AMYGDALIN ++ 
24 ARB ARBUTIN ++ 
25 ESC ESCULIN ferric citrate ++ 
26 SAL SALICIN ++ 
27 CEL D-CELIOBIOSE ++ 
28 MAL D-MALTOSE ++ 
29 LAC D-LACTOSE (bovine origin) ++ 
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30 MEL D-MELIBIOSE ++ 
31 SAC D-SACCHAROSE (sucrose) ++ 
32 TRE D-TREHALOSE ++ 
33 INU INULIN - 
34 MLZ D-MELEZITOSE + 
35 RAF D-RAFFINOSE ++ 
36 AMD AMIDON (starch) - 
37 GLYG GLYCOGEN - 
38 XLT XYLITOL - 
39 GEN GENTIOBIOSE ++ 
40 TUR D-TURANOSE ++ 
41 LYX D-LYXOSE + 
42 TAG D-TAGATOSE - 
43 DFUC D-FUCOSE - 
44 LFUC L-FUCOSE - 
45 DARL D-ARABITOL - 
46 LARL L-ARABITOL - 
47 GNT potassium Gluconate - 
48 2KG potassium 2-KetoGluconate - 
49 5KG potassium 5-KetoGluconate - 
 
 
4.2 Archaeal Isolation  
 
A key objective of this study was to purify a collection of previously harvested 
methanogenic cultures. Isolate QU12MR was harvested form Qusitococha soils and was 
ultimately prioritized for further phylogenetic assays. Phylogenetic analysis of strain QU12MR 
was observed as a member of genus Methanobacterium. A network analysis depicting 
interactions between the isolated Methanobacterium and members of the 12 isolated bacterial 
heterotrophs was developed to visualize known relationships within Amazon peatlands. In 
addition, a heatmap was generated from previous data collected by CadilloLab Post Doc, Dr. 
Damien Finn depicting potential associations with different peatland types based on nutrient 
content of the isolated Methanobacterium and members of the 12 isolated bacterial heterotrophs. 
The clustering of each isolates may be reflective of members filling different niches and having 
preferences for different environments based on nutrient availability. Although this data set was 
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not achieved from my own efforts, it adds to the story of better understanding physiological 
characteristics and how it looks compared to other members of the identified phyla.  
 
 
 
 
Figure 4.2-1: QU12MR Gram Stain. Standard light microscopy techniques were used under 100x 
oil emersion magnification to visualize cells. 
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Figure 4.2-2: Phylogenetic tree construction of unique Methanogen isolated from bacterial 
isolation efforts compared to the top hits identified on NCBI database. 
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Figure 4.2-3: Heatmap depicting nutrient availability clustering of methanogen isolate and diverse 
collection of 12 heterotrophic bacterial isolates across Buena Vista, Charro, San Roque, Nueva 
York, Miraflores, San Jorge, and Quistococha peatlands. Heatmap was generated from data 
collected by Dr. Damien Finn.  
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Figure 4.2-4: Network analysis representing interactions found between isolate QU12MR to 
collection of 12 heterotrophic bacterial isolates. Analysis was generated from data collected by 
Dr. Damien Finn.  
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4.3 Acidobacterium Characterization   
  
 Multiple phylogenetic assays were performed for isolate R28S. In addition, growth and 
temperature tolerance curves were achieved for bacterial isolate R32Q to compare growth 
change when combined with QU12MR methanogenic isolate. Assays were conducted in triplicate 
tubes under anaerobic conditions. Exponential growth on R2A media was achieved after 139 and 
111 hours of incubation at 37°C for isolate R28S and R32Q respectively. 37°C was found to be 
the optimal growth temperature for R28S and 30°C was the optimal temperature for R32Q 
growth.  
 
 
 
Figure 4.3-1: Isolate R28S growth curve. Measurements were taken from an optical density 
reader two to three times a day for 8 days.  
 
 
 
Figure 4.3-2: Isolate R32Q growth curve. Measurements were taken from an optical density 
reader two to three times a day for 8 days. 
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Figure 4.3-3: Isolate R28S temperature growth curve. Nine temperatures were tested for 29 days. 
At the first sign of a decrease in bacterial growth the testing for that temperature range was 
completed and no longer measured.  
 
 
 
 
Figure 4.3-4: Isolate R32Q temperature growth curve. Nine temperatures were tested for 29 days. 
At the first sign of a decrease in bacterial growth the testing for that temperature range was 
completed and no longer measured. 
 
4.4 Archaeal Characterization 
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Cells were non-motile gram positive rods 5-8 um long often observed in chains. The strain 
grew best with H2/CO2 for growth and production of CH4. The temperature range for growth was 
24°C-45°C, with the fastest growth observed at 40°C. The pH ranges for growth and methane 
production were 4.5-9.5 MES with the fastest growth at pH 5.5. Salinity tolerance was inhibitory to 
CH4 production above 1%, Na2S tolerance was inhibitory to CH4 production above a 
concentration of 80 mm, and SDS cell lysis was recorded above .1%. 
 
 
 
Figure 4.4-1: QU12MR pure culture CH4 production curve measured for 21 days. Mid exponential 
growth was determined at day 9. All phylogenetic assays were inoculated with a young healthy 
culture at mid exponential growth phase.  
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Figure 4.4-1: Isolate QU12MR results for CH4 production in a range of NaCl concentration 
additions to growth media. Standard base media and media additions were achieved with the 
addition on NaCl as the only media modification. Depicted above is the total CH4 concentration of 
only day 21 for ease of understanding. All phylogenetic assays reached their peak of methane 
production at 21 and began to plateau at later days of measurement.   
 
 
 
 
Figure 4.4-2: Isolate QU12MR results for CH4 production with the addition of one of the 8 
substrates to growth media and H2/CO2 overpressure of 7 psi. Addition of H2/CO2  was used to 
determine if the substrate inhibited methane production. Depicted above is the total CH4 
concentration of only day 21 for ease of understanding. All phylogenetic assays reached their 
peak of methane production at 21 and began to plateau at later days of measurement.   
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Figure 4.4-3: Isolate QU12MR results for CH4 production with the addition of varying substrates to 
growth media with ought the addition H2/CO2. With ought the addition of H2/CO2methane 
production depicted above is a result of substrate consumption. Depicted above is the total CH4 
concentration of only day 21 for ease of understanding. All phylogenetic assays reached their 
peak of methane production at 21 and began to plateau at later days of measurement.   
 
 
 
 
 
Figure 4.4-4: Isolate QU12MR results for CH4 production with the addition of varying Na2S 
concentrations to growth media. Standard base media and additions were performed with the 
varying concentration of Na2S  as the only modification. Depicted above is the total CH4 
concentration of only day 21 for ease of understanding. All phylogenetic assays reached their 
peak of methane production at 21 and began to plateau at later days of measurement.   
 
 
 
 
 
 
 
 
Figure 4.4-5: Isolate QU12MR results for CH4 production incubating at varying temperatures. 
Depicted above is the total CH4 concentration of only day 21 for ease of understanding. All 
phylogenetic assays reached their peak of methane production at 21 and began to plateau at 
later days of measurement.   
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Figure 4.4-6: Isolate QU12MR results for CH4 production with the addition of varying buffers to 
modify media pH values. Depicted above is the total CH4 concentration of only day 21 for ease of 
understanding. All phylogenetic assays reached their peak of methane production at 21 and 
began to plateau at later days of measurement.   
 
 
 
 
4.5 Co-Culture Temperature Analysis 
  
The final objective of the study was to investigate if metabolic co-operation was achieved 
by either the Acidobacterium culture, the Clostridium culture or both. Glucose was supplied as the 
sole carbon source for fermentation and although the knowledge of which end products were 
released into the culture and which were consumed by the methanogen, low CH4 production 
values were recorded at each of the temperature points.  
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Figure 4.5-1: Co-culture analysis of isolate R28S and QU12MR measuring cell concentration in 
liquid culture with the use of an optical density reader. This method of measurement was used to 
specifically monitor bacterial growth.  
 
 
 
 
 
 
 
Figure 4.5-2: Co-culture analysis of isolate R32Q and QU12MR measuring cell concentration in 
liquid culture with the use of an optical density reader. This method of measurement was used to 
specifically monitor bacterial growth.  
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Figure 4.5-1: Co-culture analysis of isolate R28S and QU12MR at five temperature ranges 
measuring CH4 production using an FID-GC.  
 
 
 
 
 
Figure 4.5-1: Co-culture analysis of isolate R32Q and QU12MR at five temperature ranges 
measuring CH4 production using an FID-GC.  
 
 
 
 
CHAPTER 5: DISCUSSION 
 
5.1 Bacterial Identification 
 
CH4 released into the atmosphere largely produced by methanogenic archaea living in 
close association with other microbes. Because molecular assessment of anoxic fen soil 
mixeocosms identified a large diversity of bacteria likely associated with fermentatice activities 
including Acidobacteria and Clostridiales, isoltates R28S and R32Q were selected. The anaerobic 
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bacterial isolation efforts yielded a collection of 12 unique cultures from a pool of 42 successfully 
isolated and identified cultures. Although obligate anaerobic isolates were targeted, the diverse 
collection of 12 also grew in aerobic conditions. From these 12, isolate R28S was chosen to 
complete phylogenetic assays because of its sequence data as a potential novel species and 
potential syntrophic interactions. The remaining 41 isolates were temporarily stored anaerobically 
in serum bottles in the -20°C and will be stored for long term preservation in a -80°C aerobically 
in Eppendorf tubes mixed with a ratio of glucose and liquid growth media. The Clostridium R32Q 
isolate was chosen for co-culture analysis as multiple members within this phylum have also been 
identified as known syntrophs. Characterization of isolate labeled R28S, was associated with 
genus Acidicapsa from the phylum Acidobacteria. The isolate was a facultative anaerobe, non-
motile, slow growing, gram negative, cell with rod shaped morphology about .1 μm in length. 
Cells of the strain were endospore positive, catalase and oxidase negative.  
 
5.2 Archaeal Identification  
 During the initial phases of project development, 8 methanogenic cultures were targeted 
for further purification. During the span of 8-12 months, four methanogenic cultures successfully 
completed the isolation and purification assays. Lack or minimal production of CH4 were the 
reasons why the remaining four cultures were disregarded for the present work. Excluding the 
QU12MR isolate from the list of four successfully sequenced cultures, 16S rRNA PCR data 
identified two isolates similar to QU12MR but with varying % identity and uncultured hits. The 
fourth isolate however gave the top two BLAST results showing 99% identity to 
Methanobacterium beijingese strain 8-2 and 96% identity to Methanobacterium paludis strain 
SWAN1. In contrast to the QU12MR isolate, this isolate had been harvested from San Jorge soil 
preferring low pH media conditions. Additionally, this isolate required an extended amount of 
incubation time and showed low CH4 concentration values. Initial work was completed to better 
understand growth and CH4 production limitations in a range of  
temperature and pH conditions. In efforts to prevent cross contamination between the two 
methanogenic cultures, one isolate was studied at a time. Future work includes completing the SJ 
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phylogenetic assays. All remaining cultures were temporarily stored in serum bottles or Hungate 
tubes in 10 °C fridge. Long term storage includes re-suspending cells in glass tubes containing 
culture media with glycerol in -80 °C freezer.  
 
5.3 Interspecies interactions and addressing the hypothesis  
The combined cultures vs the monoculture results would be compared to determine if the 
methanogen grew better and was able to grow in an increased range of temperatures once 
paired with the bacterial isolates. Physiology tests were performed for the investigated 
methanogenic isolate and the two bacterial isolates to first understand their optimal and inhibitory 
growth parameters. In monocultures, isolate QU12MR favored growth using H2/CO2 substrates 
above all others tested within the experiment. In situ these substrates would have been made 
available by neighboring bacteria. To enhance this work, HPLC analysis could elucidate which 
organic compounds have remained within the liquid culture and used to monitor the rate of 
preferred substrate consumption.  
Co-culture incubations showed low levels of CH4 production after 21 days of incubation in 
comparison to pure culture growth monitored for 30 days. But because CH4 was produced in the 
co-culture combinations in a few of each of the temperature time points we know that bacterial 
growth did provided a food source for methanogeneisis as the only carbon source available within 
the media was glucose which cannot be directly converted into CH4 through metabolic limitations 
of the methanogen. However, in reference to the hypothesis, the co-cultures did not achieve more 
or even equal CH4 production.  Although methane concentration was low, for the R28S and 
QU12MR co-culture assay, there is production seen at 40°C which is at the upper limit of 
QU12MR and R28S growth. In addition, because the rest of the temperature values are 
consistent, we can infer that although overall CH4 production was low in co-culture compared to 
monoculture results, the combined culture was able to maintain an interaction outside the optimal 
temperature value. In regards to the R32Q and QU12MR cultures, the optimum growth for 
bacterial growth was shown at 45°C however in comparison to CH4 production, the preferred 
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temperatures were 24, 37, and 24°C. These results seem to be inconsistent because no growth 
was observed at 30°C.  
Co-culture data does suggest syntropy between the cultures however further assays are 
needed to determine if the given conditions were in fact optimal for both organisms. For example 
an increase in incubation time could determine if co-cultures require more time to equilibrate and 
develop substrates. Testing additional carbon source types would provide additional substrates 
for methanogenesis and bacterial fermentation that may be preferred. Additionally, transferring 
the cultures into fresh media every few days could potentially select for the increase of syntrophic 
interactions as only those that are able to maintain a coupled relationship will survive. Because 
the pure culture positive control for methanogenic growth maintained high levels of growth, I can 
assume that the media type was not limiting to the methanogenic culture. However, because the 
bacterial positive controls were much lower than what was recorded during independent growth I 
can assume that its metabolic requirements may not have been met under the modified version of 
R2A containing only glucose, vitamins, trace metals, and major metals. Further analysis is 
needed to determine if optimal syntrophic interactions can be achieved from the combination of 
these isolates.  
 
CHAPTER 6: CONCLUSION AND FUTURE STUDIES 
 
To better understand the role microbial species, play in nature, investigation of their 
physiology through culturing techniques can answer many questions where meta-genomic 
analysis alone cannot. The initial task of the project was to learn how to maintain a methanogenic 
culture. This called for successfully satisfying the growth parameters for the isolates and 
maintaining an optimal level of sterility and maintenance of anoxic conditions. These fundamental 
techniques were applied to target the growth of a diverse collection of bacterial isolates who 
maintained the ability to ferment multiple carbon sources. To help increase the success of soil 
bacteria cultivation multiple media types with increased incubation temperatures were 
implemented.  It was hypothesized that CH4 production from methanogens can be optimized by 
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syntrophic interactions through the consumption of substrates compatible to its own metabolism. 
By targeting bacterial isolates with the potential metabolic capacity of releasing hydrogen ions 
and acetate, formate, ethanol etc, in the absence of O2, we would satisfy the potential growth 
requirements for the methanogen isolate and each bacterial isolate to grow successfully in a 
combined culture. However, this was not successful within the experiment. Although 
methanogenisis was seen, we do not know what substrates were released into the media by the 
bacteria and what substrates were consumed. To improve upon these results each bacterial 
isolate should be grown in a substrate assay.  
Characterization of methanogenic isolate elucidates the knowledge of current cultivable 
archaeal isolates and potential interactions with bacterial fermenters in is environment to better 
understand CH4 release. Future work should include the completion of characterization of 
ASJ18M, R28S pH, salinity tolerance in addition to growth on varying carbon sources. G+C and 
lipid testing for both QU12MR and R28S need to also be conducted to complete all elements for 
manuscript development. Co-culture analysis should also be continued to test for pH, salinity, and 
Na2S concentrations as the growth curves for these analyses have already been mapped for 
QU12MR and can be directly compared to the pure culture results. In addition, replicating current 
experiments and the analysis of co-culture incubations using varying carbon sources could offer 
more insight into the results achieved here. Statistical analysis should also be conducted to verify 
that each variable tested are significantly different from each other.  
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